Although degradation process of polymers is correlated with space charge, there remains a lack of understanding of charge transport phenomena and quantitative estimation of carrier mobility has not yet been accomplished. In this research, hole mobility in polyethylene (PE) is calculated by means of standard density functional theory. It turns out that hole tra estimated hole mobility is in reasonable agreement with experimental values. In addition, it is implied that the existence of carbonyl defect is likely to increase hole mobility which is consistent with experimental results at least for low density PE.
I. INTRODUCTION
Polyethylene (PE) is widely used as the insulation for transmission cables [1] . In order to improve the reliability and operating voltage, it is necessary to understand various high field effect in PE. Although degradation process of polymers is correlated with space charge which is formed in the material [2] , there remains a lack of understanding of charge transport phenomena, despite extensive experimental efforts [3, 4] . Recently first principle calculation has been utilized to clarify the nature of charge transfer in PE [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, quantitative estimation of hole mobility, which is one of the most fundamental parameters required to understand charge transport in PE, has not yet been accomplished. Thus, it is necessary to strive towards the comprehensive understanding of charge transfer in organic insulators.
As is well known, evaluation of charge transfer between molecules is essential to understand conduction in organic materials [14, 15] . It is suggested that band transport model is invalid for temperatures above 150 K even for charge transfer in semiconducting organic crystals such as aromatic hydrocarbons whose frontier orbitals are diffused to some extent [16, 17] . This becomes much more notable when it comes to the evaluation of hole transfer in polyethylene whose Highest Occupied Molecular Orbital (HOMO) is localized within the molecule. In other words, charge transport in polymeric insulator can be regarded as a hopping of charge carriers between molecules under scattering by intramolecular vibration. Thus the purpose of this work is to evaluate hole transfer between molecules via hopping, thereby estimating hole mobility in PE. Fig. 1 shows the schematic diagram of charge transfer between two molecules. Charge transfer between diabatic golden rule [18] . Assuming the Condon approximation, for high-temperature limit, the formula can be reduced to the well-known Marcus formula [19, 20] ;
II. MARCUS THEORY
where, i and f are diabatic initial and final states, respectively, 0 is the free energy difference between the initial and final states, is the reorganization energy; energy difference due to relaxation of geometry, and FCWD is called the Franck-Condon weighted factor.
A. Transfer Integral
Transfer integral is the most fundamental electronic factor in charge transfer process. There are several methods [21, 22] to compute this value. In this research, we have used the generalized Mulliken-Hush (GMH) method [23, 24] . For twostate model, transfer integral is written as, Reorganization energies and free energy differences were calculated by means four-point method [25, 26] . As shown in Fig. 1 , these values can be calculated directly from the adiabatic potential energy surface. The total reorganization energy and free energy difference is written as
geometry at neutral state. Likewise, E D (Q D+ ) and E D+ (Q D+ ) are the energy of neutral and cation state at its optimal geometry at cation state.
III. RESULTS AND DISCUSSION
All the first-principles calculations were performed with Gaussian 09 package [27] . Other operations using the output of Gaussian, was done with MATLAB 2014b [28] .
A. Geometrical Structures
We have chosen crystal structure ( Fig. 2 ) and coreshell model (Fig. 3) for computing hole hopping rate. Coreshell model was developed by Huzayyin [8] to represent an approximation to amorphous PE with reasonable number of atoms. We have generated the coreshell model with and without carbonyl impurity. First geometry of a single PE oligomer was optimized at B3LYP/DZVP level with the combination with integral equation formalism polarizable continuum model (IEFPCM). The solvent for the model was heptane: oligomer of PE. Experimental lattice constants and angle were used to arrange the geometry-optimized PE chain. Since treating van der Waals (vdW) interactions with density functional theory (DFT) calculations still remains a challenge, we have computed the interaction energy curve at HartreeFock method, Second-order Møller-Plesset Perturbation Theory (MP2) and various DFT methods [29] [30] in order to choose an appropriate exchange-correlation functional that can yield realistic structure. It is well known that, from a theoretical point of view, MP2 method can account for vdW interaction. Since optimizing a coreshell model at MP2 level is almost impossible due to limitation of computational resources, coreshell model was optimized at PBEPBE/DZVP. In addition wB97XD/DZVP, which is a long-range corrected method was utilized for comparison purposes. Density of bulk PE estimated from coreshell model optimized at PBEPBE is around 0.90 g/cm 3 , which is slightly smaller than that of low density PE (LDPE). Thus, we will assume that geometries obtained by PBEPBE is similar to LDPE with respect to intermolecular distance.
B. Marcus parameters
Transfer integral was calculated by (2) . Regardless of the functionals used in geometry optimization, all calculations were performed at B3LYP/DZVP level of theory, in order to enable comparison of the computed values. Computed values of transfer integrals for crystal and coreshell structure are shown in TABLE II. When carbonyl impurity is added, increase in transfer integral in the direction of oxygen atom can be seen; transfer integral of dimer consisting of acceptor 1 and donor 6 with carbonyl impurity is roughly twice the value without carbonyls regardless of the theory level used to optimize the geometry. In order to account for this fact, diabatic molecular orbitals (MOs) before and after charge transfer is computed from (3) and visualized as shown in Fig. 5 . It is clearly seen that diabatic MO without carbonyl impurity is localized within the molecule while that with carbonyl impurity is delocalized to some extent. This is due to the large to diabatic MO localized at acceptor 1. Enhancement of orbital overlap due to the diffusion of MO towards the neighboring molecule is one of the main reasons of the increase in transfer integral.
Computed values of reorganization energies and free energy differences of monomers are shown in TABLE III. Reorganization energy decreases as the number of carbon atoms of the PE chain increases. By extrapolating this trend, reorganization energy of monomers would converge to 100-200 meV. Thus reorganization is by three orders of magnitude larger than transfer integral. This strongly indicates that hole , since electronic coupling is dominant in the band regime while vibrational coupling, i.e. reorganization energy, is dominant in the hopping regime [14, 15] .
In addition for small oligomer of PE, reorganization energy decreases by adding carbonyl impurity; hole transfer is more likely to occur. Note that unlike most organic materials used in semiconductors, free energy difference of a dimer is generally nonzero. This is because hopping cite in polymeric materials are not identical; e.g. 
C. Estimation of hopping rates and mobilities 1) Crystal structure PE:
Hopping rate for crystal structure is calculated as shown in TABLE IV. It should be noted that for crystal structure, free energy difference is zero; activation energy is /4. When the hopping rate between dimer is given, diffusion constant can be evaluated as [16] Fig. 3 for details. c. P. W. Teare [31] Orthorhombic n-hexatriacontane. d. See Fig. 4 and text for details. 
2) Amorphous region and effect of carbonyl impurities in PE:
Hopping rate for amorphous region and the effect of carbonyl impurities are discussed qualitatively. Relation between activation energy, and reorganization energies and free energy differences is shown in Fig. 6 . As shown in Fig. 6 activation energy is not symmetric with respect to inversion of free energy differences. This means that k DA is not equal to k AD and holes tends to remain at long PE chains rather than short ones, and if the length of PE chain is identical, holes prefer to remain at PE chains with carbonyl impurities. These results are in line with the conclusion of former studies [8] [9] [10] . If hopping rate from D to A is larger than that of A to D, it is natural to assume that effective hopping rate is dominated by the smaller one. This may not hold true if there are several hopping paths for a single hopping cite. However, under this assumption, the effective activation energies are those corresponding to positive values of free energies, which is expected to be around 100-300 meV (Fig. 6 ). Strict computation of macroscopic activation energy is beyond the scope of this work. However, the roughly estimated values are in reasonable agreement with experimental values; activation energy of hole mobility in LDPE, measured by time-of-flight method is 320 meV [32] .
With regard to transfer integrals, considering the fact that density of coreshell geometry obtained by PBEPBE is similar to amorphous region, and transfer integral is mainly determined by the distance between PE chains, we may assume that transfer integral obtained at PBEPBE geometry represents that of amorphous region. Since transfer integrals obtained at PBEPBE geometry is roughly one-third of that at crystal structure, according to (1) , hopping rate of amorphous region is one order of magnitude smaller than that of crystal structure. Regarding the effect of carbonyl impurity, hopping rate between acceptor 1 and donor 6 is increased by a factor of 4 whereas hopping rate between acceptor 1 and other donors are slightly decreased. If we take (5) as a first approximation, hole mobility will increase due to carbonyl impurity.
These results indicate that hole hopping rate in amorphous region is lower compared to that in crystal, both due to smaller transfer integrals and due to larger activation energies.
IV. CONCLUSION
Hole mobility in PE was evaluated quantitatively by means of first-principles calculation. Computed Marcus parameters It was indicated that hole hopping rate in amorphous region is lower compared to that in crystal, both due to smaller transfer integrals and due to larger activation energies. In addition, it was shown that carbonyl impurity has a potential to increase hole mobility; one of the factors is the increase in transfer integral. The computed value of activation energy of hole mobility was in good agreement with experimental results. 
